Magnetic resonance imaging (MRI) texture analysis is a method of analyzing subchondral bone alterations in osteoarthritis (OA). The objective of this study was to to evaluate the association between MR texture analysis and ground-truth subchondral bone histomorphometry at the tibial plateau.
At present, efficacious disease modifying treatments for osteoarthritis (OA) are 2 lacking 1 . Imaging has the potential to play an important role in the development 3 of disease modifying treatments by assessing response to novel therapeutic 4 approaches and improving understanding of OA natural history 2 . For this 5 potential to be realized, sensitive and reliable imaging biomarkers are required. 6
OA is considered as a disease of the entire joint, involving cartilage, bone, 7 synovium, ligaments, menisci (for knee OA), capsule and juxta-articular muscle 3 . 8
Much research interest has focused on assessment of cartilage, however it is also 9 desirable to have reliable imaging biomarkers of other involved tissues such as 10 the subchondral bone. 11 Texture analysis has been described as a method of analyzing subchondral bone 12 on plain radiographs, computed tomography (CT) and magnetic resonance 13 imaging (MRI) 4-6 . Texture analysis is a statistical method of analyzing an image 14 or region of interest (ROI) based on the distribution and spatial organization of 15 gray (pixel) values within it 7 . Its utility in the setting of subchondral bone analysis 16 in OA lies in detecting and quantifying alterations in structure that are not 17 detectable or difficult to quantify reliably using qualitative or alternative 18 quantitative methods. 19
The current study focuses on MRI texture analysis at the knee. The advantages of 20 using MRI for texture analysis over plain radiographs or CT are the cross-21 sectional nature of the images (compared to plain radiographs), the lack of 22 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 2 radiation exposure and the ability to assess other tissues involved in OA 23 (particularly cartilage, synovium and meniscus) in a single examination. 24
MRI texture analysis has previously demonstrated significant differences in 25 subchondral bone texture between controls and individuals with OA 8 . Alternative 26 methods of assessing subchondral bone using MRI are available including direct 27 estimation of microstructural parameters 9,10 . However, texture analysis has the 28 advantages of the ability to use standard clinical sequences, the lack of need to 29 binarize images using an arbitrary threshold, and superior discrimination ability 30 between subjects with OA and controls 11 . 31
One of the principal disadvantages of MRI texture analysis is the current lack of 32 histological validation. It is important to assess the relationship between MRI 33 texture analysis and ground-truth subchondral bone structure to establish the 34 construct validity of this technique before it can be considered for use in further 35 longitudinal or interventional studies. The histological gold standard for 36 assessment of bone structure is the technique of histomorphometry which is the 37 quantitative analysis of microscopic bone structure 12 . 38
Thus, the purpose of this study was to evaluate the association between MRI 39 texture analysis and ground-truth subchondral bone histomorphometry at the 40 tibial plateau. The local research ethics committee approved the study. All subjects provided 44 written, informed consent. This was a cross-sectional study carried out at our 45 institution between February and August 2014. 46
Participants 47 Ten participants (median age 70, range 57-84, 7 females) who were scheduled to 48 undergo total knee arthroplasty (TKA) at our institution for primary OA of the 49 knee were recruited at the time of their clinic visit immediately prior to TKA. 50
Participants were excluded if there was a history of significant ipsilateral lower 51 limb injury, previous ipsilateral lower limb surgery, inflammatory arthritis, 52 hematological malignancy, bone metastases, metabolic bone disease, or if there 53 was a contraindication to MRI. 54
Participants had their height and weight recorded at the time of examination. All 55 participants had recent AP weight bearing knee radiographs available (median 30 56 days previously, range 0 -160 days). These were used to record the severity of 57 medial and lateral tibiofemoral compartment OA using the Kellgren-Lawrence 58 grading system 13 . Kellgren-Lawrence grading was performed by two radiology 59 residents (JM & PM) with 3 years' experience. Participants completed an Oxford 60 Knee Score questionnaire in order to assess severity of symptoms 14 . 61
MRI acquisition 63
The knee scheduled for TKA of each participant was imaged using a dedicated 8-64 channel transmit/receive knee coil (Invivo, Gainseville, FL, USA) on a wide-bore 65 3.0 T platform (GE 750w, GE Healthcare, Amersham, UK). Sequences obtained 66 included a 2D coronal T1 weighted sequence (FOV 12 × 12.3 cm, matrix 512 × 512, 67 TR 593 ms, TE 17.65 ms, NEX 1, slice thickness 2.8 mm, slice gap 2.5 mm, 68 sequence duration approximately 3 minutes) designed to maximize in-plane 69 spatial resolution (0.23 x 0.24 mm) and signal-to-noise ratio for optimal 70 assessment of subchondral bone (figure 1). The MRI examination was performed 71 at the time of the participant's pre-operative assessment to ensure a short interval 72 between MRI and TKA (median 13 days, range 6 -29 days). 73
[FIGURE 1] 74

Bone specimens 75
The tibial plateau of each participant was removed as part of the TKA procedure 76 as a single block of tissue. This was placed in 10% buffered formal saline for 77 fixation and stored at room temperature while awaiting processing. Surgical For each sample, following calibration for magnification, regions of interest (ROI) 97 were created to enclose the subchondral bone. ROIs were defined superiorly by 98 the bone/cartilage interface, laterally/medially by the tibial spines and 99 lateral/medial joint margin and inferiorly by the inferior limit of the specimen, 100 which was typically 5 -10 mm in depth in the coronal plane (figure 2). Inter-observer reliability of the MRI texture analysis technique used in this study 146 has been reported previously, with ICCs ranging from 0.41 -0.99 (12 out of 18 147 parameters had ICC > 0.9) 11 . 148
Statistical analysis 151
Descriptive statistics for each calculated histomorphometric parameter and MRI 152 texture feature were generated. The relationship between MRI texture features 153 and histomorphometric parameters was assessed using scatter plots (data not 154 shown). 155
To determine the MRI texture features best associated with each of the 4 156 histomorphometric parameters (BV.TV, Tb.Th, Tb.Sp and Tb.N) we used all-157 subsets multiple regression. The number of included texture features was limited 158 to 5, in keeping with standard practice of limiting the number of explanatory 159 variables to n/10 (we had 54 histological blocks available for analysis -see 160
Results) to avoid model overfitting. The subset of MRI texture features with the 161 lowest Bayesian information criterion (a parsimony-adjusted measure of fit) was 162 chosen for each parameter. We did not perform mixed effects modelling 163 (including subject as a random effect) as preliminary analysis indicated that there 164 was no significant model intercept variability (as assessed by ANOVA) between 165 subjects for any histomorphometry parameter model. 166
The chosen subset of MRI texture features was then used to perform multiple 167 linear regression modeling for each histomorphometric parameter. Goodness-of-168 fit was assessed using unadjusted and Stein-adjusted R-squared 19 This study builds on previous work using MRI texture analysis and will aid future 260 research in this area with regard to selection of texture features most likely to be 261 most useful, taking into account discriminatory ability, reliability, and 262 relationship to ground-truth structural parameters. 263
There is increasing recognition of the importance of subchondral bone in OA, 264 together with the need for robust imaging biomarkers of joint structures other 265 than cartilage 2,23 . There is evidence that changes in subchondral bone occur very 266 early in the disease process, possibly preceding macroscopic cartilage 267 degeneration. Subchondral bone is a dynamic tissue, capable of modeling and 268 remodeling in response to changing load conditions (as per Wolff's law) and is 269 therefore a therapeutic target of interest for potential disease modifying OA 270 drugs (DMOADs) [24] [25] [26] . There is therefore the need for sensitive imaging 271 biomarkers of subchondral bone. MRI texture analysis is one technique which 272 has demonstrated the potential to meet this need, and now be considered for use 273 in further studies. 274
Previous studies have demonstrated differences in subchondral bone texture 275 between subjects with OA and controls using a variety of imaging 276 modalities 4,27,28 . However, to our knowledge no previous study has sought to 277 validate the technique using histomorphometry. We believe that this study's 278 findings of associations between texture features and histomorphometry support 279 the continued use of texture analysis in this setting.
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A number of different approaches to texture analysis have been described with no 281 one generally accepted analytic approach. One of the advantages of this study is 282 the use of freely available texture analysis software which permits the use of a 283 standardized approach between studies and increases the likelihood of results 284 being replicated elsewhere. "Texture analysis" of bone has been used as a 285 descriptor for a number of techniques. In the present study we have focused on 286 statistical texture features (sometimes called Haralick texture, named after the 287 researcher who first described the technique), which is distinct to other "texture" 288 techniques such as direct estimation of bone microstructure and fractal signature 289 analysis 17 . 290
Our method involves 2D rather than 3D analysis, using statistical texture features 291 as a surrogate measure of bone structure. While this has the disadvantage when 292 compared to 3D analysis of not providing the opportunity to estimate structural 293 parameters from MR images directly, advantages of 2D analysis include the 294 ability to use higher SNR 2D spin echo images which have less susceptibility 295 artefact at the bone/marrow interface when compared to the 3D gradient echo 296 images required for 3D analysis, and the lack of requirement for arbitrary 297 segmentation of subchondral bone into bone and non-bone voxels 11, 29 . 298 2D analysis of subchondral bone has also previously been performed on knee 299 radiographs, primarily using fractal signature analysis (FSA) but also using dual 300
x-ray absorptiometry (DXA) to assess subchondral bone mineral density. These 301 techniques have shown the ability to discriminate between osteoarthritic and 302 normal subchondral bone, and have good predictive validity for knee OA 
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We believe that the technique used in this study should be viewed as 326 complementary to techniques previously used for subchondral bone assessment, 327 and has the ability to contribute to this active area of research. 328
There are several important limitations of this study. First, only 10 participants 329 were included, limiting study power. Due to this small number of participants, 330 data from the 7 female and 3 male participants were pooled for analysis. This 331 approach ignores differences in histomorphometric parameters related to gender 332 which are likely to be present, particularly given the postmenopausal status of 333 female participants. All participants in the study had severe OA warranting TKA. 334
While such a population was necessary to obtain tibial plateau explants for 335 histomorphometry, it does mean that the study sample is biased towards more 336 severe OA. The performance of our models in subjects with earlier stages of OA is 337 therefore not clear. 338
The study was performed in a single center, at a single timepoint, thus limiting 339 the generalizability of results. The sensitivity of MRI texture analysis to different 340 acquisition parameters has been described previously, although with appropriate 341 calibration the discrimination ability of texture features may be maintained 41, 42 . 
